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One of the ultimate tasks for stencil lithography is the ability to fabricate arrays of structures with controlled dimensions on the nano-
meter scale precisely positioned on a suitable surface. The race to shrink feature sizes requires the limits of conventional lithography to be
extended to high-throughput, low cost, reliable and well-controlled processes of which stencilling is a promising candidate for nanoscale
applications. Identifying, predicting and overcoming issues accompanying nanostencil lithography is critical to the successful and timely
development of this technique for a wide range of potential applications. This paper addresses phenomena associated with stencil
nanopatterning and presents the results of modelling and simulation studies for predicting the deleterious eﬀects of mask distortion
and clogging during pattern transfer. It is shown that degrading eﬀects of stress-induced deformation of stencils can be dealt with via
optimal design of corrugation structures which in turn reduce stencil deformation and signiﬁcantly improves pattern deﬁnition. Model-
ling results are validated by comparison to experiment. The corrugation structures can be used to deﬁne practical design rules for fab-
rication of stable large area (‘‘full scale’’) purpose-designed stencil membranes. The accurate modelling of the clogging phenomenon
combined with gradually evolving stencil deformation, also presented in the paper, can be used for prediction of pattern distortion,
to calculate maximum thickness of a deposited layer and/or for prediction of the stencil lifetime.
 2006 Elsevier B.V. All rights reserved.
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Stencil lithography is one of the promising patterning
methods for localized material deposition through ultra-
miniature shadow-masks (nanostencils) [1]. Shadowmasking
or stenciling has the advantage of allowing direct patterning
of mesoscopic surface structures on a full-wafer scale by any
material ﬂux on a large variety of substrates. Being a direct
or additive patterning technology it does not need cyclic
processing steps seen, for example, in photolithography, a
subtractive process. The stencil, which is eﬀectively a thin0167-9317/$ - see front matter  2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.mee.2006.08.003
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E-mail address: marynal@tyndall.ie (M. Lishchynska).membrane, allows for smaller aperture size and better
uniformity of patterns over large surfaces which overcomes
fabrication limitations usually associated with micro/nano-
patterning. The method is also capable of achieving high
pattern resolution with simultaneous high-throughput, giv-
ing access to nanometer-precise patterning with short pro-
cessing times. The most common applications of stenciling
have been patterning of printed circuit board features and
interconnect technologies [2]. Potential applications of the
stencil technique include (1) deposition on non-conven-
tional and unstable substrate materials (i.e., bio-chemical,
hydrophobic), (2) deposition of heterostructures (epitaxial,
magnetic, complex oxides, piezoelectric materials), and (3)
deposition of nanodevices onto CMOS [1–3].
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Stencil lithography is a direct or additive patterning tech-
nology, i.e., a controlled amount of a material is directly
deposited through the stencil apertures onto the substrate
(Fig. 1a). Deposition through stencils suﬀers, however,
from deﬁciencies such as the clogging of apertures and the
membrane deformation due to deposition-induced stresses.
Consequently, the main challenges associated with applica-
tion of the technique include reduced lifetime due to aper-
ture clogging and excessive pattern distortion due to
membrane deformation. Clogging occurs when the evapo-
rated material accumulates on the stencil membrane and
inside the stencil apertures (Fig. 1b). This phenomenon
changes the shape of the aperture during the deposition
process and leads to a distortion of the deposited pattern,
eventually resulting in the complete closure of the aperture.
Accumulation of material on the membrane and the subse-
quent deformation due to the deposition-induced stress
(Fig. 1c) generally results in an increased gap between the
substrate and the stencil resulting in pattern distortion
and blurring.
Modelling and simulation techniques are of great assis-
tance for assessing the stress-induced deformation of a
stencil membrane, predicting pattern distortion and aiding
stencil design optimization. Moreover, for correct process
window deﬁnition, fabrication of eﬃcient MEMS tools
and consequently improved pattern deﬁnition, an accurate
modelling of the membranes and a good understanding of
related phenomena/eﬀects is demanded. State-of-the-art
modelling and simulation for nanolithography patternFig. 1. Schematic of a membrane in close proximity to a substrate during eva
clogging, whereW is the initial aperture width,Weﬀ is the eﬀective width (b); re
the corrugated stencil (d).transfer includes modelling the deformation of the stencil
mask as well as prediction of pattern distortions. Reported
in-plane deformation of masks, which are particularly sus-
ceptible to large distortions due to high membrane stresses,
have been identiﬁed [4]. The results of ﬁnite elements
method (FEM) simulations characterising distortions
induced during the fabrication of electron-beam projection
lithography masks report good agreement between experi-
ment and simulation. Previous publications [5] suggest
using voids as stress relief structures in order to reduce
the stress-related in-plane distortion of stencil masks for
ion-beam projection lithography. An extensive biblio-
graphical review of the FEM methods applied to the anal-
ysis and simulation of nanolithography (electron-beam,
optical, X-ray) and pattern transfer has been done by
Mackerle et al. [6]. Other studies (e.g., Refs. [7,8]) con-
cerned with the modelling of in-plane distortions of masks
used in ion-beam lithography and X-ray lithography. Nev-
ertheless, there appears to be no signiﬁcant investigations
into reducing out-of-plane deformations of the mask, which
is vital for pattern deﬁnition by nanostencil lithography.
With regard to the clogging of stencil apertures during
deposition, the characterization of the phenomenon has
been performed in a number of papers [9–11]. Ko¨lbel
et al. [10,12] introduced a method that reduces nanostencil
aperture clogging by coating the stencil with self-assembled
monolayers. While the eﬀects of clogging were character-
ised by deposition of Er and Au layers though stencil aper-
tures of dimensions as small as 20 nm in diameter [9].
However, no quantitative simulation studies on depen-
dence of the shape of surface structures on depositionporation: ideal stencil deposition (a); illustration of stencil mask aperture
alistic stencil deposition (deformed membrane); (c) and deposition through
Fig. 3. Schematic of strain in thin layer of material due to lattice
mismatch.
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stencil geometry, stress-induced deformation and clogging
eﬀect (maximum thickness of deposited layer, stencil life-
time) have been published to date.
This paper aims to demonstrate the usefulness and
accuracy of modelling techniques for predicting the extent
of membrane deformation, for geometry optimization by
means of incorporating stabilization structures into the
stencil (Fig. 1d), and for predicting pattern distortion
due to the combined eﬀects of clogging and stencil
deformation.
3. Modelling eﬀects of deposition-induced stress in MEMS
stencils
3.1. Origins and consequences of deposition-induced stress
Film deposition processes employed in current manufac-
ture of microelectromechanical systems (MEMS) generate
stress within both the substrate and the deposited ﬁlm.
Excessive ﬁlm stresses can lead to substantial deforma-
tion of structures, thus rendering a device unusable. Clear
understanding of the underlying mechanics and accurate
assessment of the deformation caused by ﬁlm stress is crit-
ical for developing controllable processes and producing
high quality devices.
Excessive residual stresses, usually undesirable in
MEMS structures, arise from a variety of sources. When
a ﬁlm on a substrate is subjected to a temperature change
during the evaporation, a diﬀerence in the thermal expan-
sion coeﬃcients of the two materials results in thermal
stresses rth [13] (Fig. 2). All other stresses originating
‘‘from within’’ thin ﬁlms during the deposition process fall
in the category of intrinsic stresses rint. Various physical
factors responsible for the intrinsic stress have previously
been studied and explained in the literature [14,15]. Most
of these factors are summarised in [13] as follows:
• diﬀerences in the expansion coeﬃcients of ﬁlm and
substrate;
• lattice mismatch between substrate and ﬁlm (Fig. 3);
• incorporation of atoms (e.g., residual gases) or chemical
reactions;
• variation of the interatomic spacing with the crystal size;
• recrystallization processes;
• microscopic voids and special arrangements of
dislocations;
• phase transformations,Fig. 2. Origins of thin ﬁlm stresses: ﬁlm under rwhere the ﬁrst two causes are believed to be dominant. In
soft, low melting point materials (e.g., aluminium), bulk
diﬀusion tends to relax the internal stresses and to prevent
their accumulation [16]. In hard, higher melting point
materials (e.g., chromium) deposited at low temperatures,
intrinsic stresses accumulate and tend to dominate over
thermal stresses.
The magnitude of thin ﬁlm stress depends on ﬁlm thick-
ness and on the fabrication process used [17]. Therefore, it
is not reliable to extrapolate stress values obtained under
some conditions to that at others. A truly quantitative the-
ory of thin ﬁlm stress is yet to be developed, thus measure-
ment remains the only available means to determine
residual stress. Thin ﬁlm stress is commonly quantiﬁed
using a wafer-bending technique involving measurement
of the curvature of a substrate of known dimensions before
and after ﬁlm deposition [18]. Importantly, these measured
values of residual stress are the stress levels in the ﬁlm (not
in the structures). Beams and cantilevers from the ﬁlms
often have a lower stress due to relaxation in the width
direction [19].
Following release of a device, residual stresses in the
elastic structural layers are partially relieved by deforma-
tion [20]. The extent of deformation is strongly dependent
on process details and on the geometry of the structure.
Stress gradients through the thickness of a micromachined
ﬁlm are particularly undesirable as they cause a signiﬁcant
deformation of a structure. This is especially relevant in the
case of bilayered MEMS where diﬀerent residual stresses
occur in diﬀerent layers. As material elastic properties
and residual stresses diﬀer in layers, each layer tends to
contract (tensile stress) or expand (compressive stress) byesidual tensile stress due to CTE mismatch.
Table 1
Material properties used in simulation study
Material Young’s modulus, GPa Poisson’s ratio Reference
SiN 276 0.27 [24]
Cr 277 0.3 [25]
Fig. 5. Deﬂection values for unstabilized (plane) cantilevers: simulated
(solid line) versus measured (dots) (a) and SEM image of a membrane
containing unstabilized cantilevers after deposition of 50-nm thick Cr (b).
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ing of the structure (Fig. 4).
The performance of many MEMS devices and particu-
larly nanostencils is signiﬁcantly restricted by the adverse
eﬀects of residual stress. The following sections address this
problem and aim to ﬁnd optimal methods for reducing the
detrimental eﬀects (deformation) thus stabilizing the
stencils.
3.2. Modelling stress-induced deformation in bi-layered
unstabilized (planar) cantilevers
Modelling of full size complex apertured membranes
(stencils) is a challenging task. Therefore, in order to sim-
plify the ﬁrst approach and to validate the Coventor
FEM modelling tool [21], cantilever-like membranes were
ﬁrstly considered. The cantilever is a basic design compo-
nent for MEMS found within numerous applications. Each
cantilever was modelled as a bi-layered structure (Fig. 4)
comprised of a 500-nm thick SiN membrane layer and a
50-nm thick Cr deposition layer. Experimentally measured
values of biaxial tensile intrinsic stress of 1230 MPa incor-
porated in Cr layer and 200 MPa in SiN layer of the canti-
lever were introduced into the simulations.
Thin ﬁlm properties of materials used in MEMS tech-
nology are strongly dependent on processing conditions.
Therefore, there is an evident uncertainty in published elas-
tic material properties data of both SiN and Cr. Material
properties of SiN are particularly aﬀected as there exists
a high discrepancy in published Young’s modulus values
(E  130–385 GPa) [22]. Furthermore, addition of metallic
or polymeric coatings on the cantilever surface can signiﬁ-
cantly modify the cantilever’s elastic properties [23]. As no
characterization for the thin ﬁlm properties of the materials
used has been performed in this work, material properties
from processes similar to the ones employed here were used
in this study (Table 1).
Signiﬁcant curling of the simulated plane (unstabilized)
cantilevers is observed. The results are validated via com-
parison with measured deﬂections (Fig. 5a). A good agree-
ment between simulated and measured data is evident
validating the Coventor software tool. Fig. 5b shows the
deformation observed in micromachined cantilevers.
3.3. Reduced deformation of corrugated cantilever
membranes
In order to overcome or at least to minimise the eﬀects
of membrane deformation, it was proposed [26] to mechan-Fig. 4. Schematic of a bi-layered cantilever deformationically reinforce and thus stabilize the membranes. The
improved micro/nanostencils incorporate in situ, local sta-
bilization structures increasing their moments of inertia,
which are the structural property directly related to stiﬀ-
ness or deformability (Figs. 1c and 6). A basic ﬂow of
the fabrication process is given in [26] where stabilizing
eﬀect of corrugation on membrane deformation is compu-
tationally and experimentally conﬁrmed. The present work
is concerned with predicting the optimal geometry for cor-
rugation structures and predicting stencil deformation,
clogging and subsequently deﬁnition of deposited pattern.
Various geometries of stabilization structures studied in
this work are shown in Fig. 7.due to high residual stress rf in additional ﬁlm layer.
Fig. 6. SEM images of cross-sections of micromachined cantilevers with
corrugation of various heights.
Fig. 8. Plot of simulation results (solid lines) versus measurement data
(dots) for corrugated cantilevers with a variable number of 1-lm high
rims.
Fig. 9. Comparison of the eﬀect of diﬀerent geometries of corrugation on
cantilever deformation (simulation results). Corrugation rims of two
heights (1 lm and 2 lm) were studied.
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levers, all structures depicted in Fig. 7 were modelled and
simulated with ﬁnite element models (FEM) as imple-
mented within Coventor [21]. A series of cantilever-type
corrugated membranes with 1–4 stabilization rims with
heights varying from 1 lm to 4 lm were fabricated. These
stabilized membranes were coated with a 50-nm thick Cr
thin ﬁlm using electron-beam evaporation (Alcatel, EVA
600). A supplementary reference wafer was used for the
measurements of the thin ﬁlm residual stress by means of
wafer curvature (Tencor). The deﬂection of cantilever-type
membranes was determined by measuring the maximum
deﬂection of each cantilever by both Scanning Electron
Microscopy (SEM, LEO 1550) and optical surface proﬁling
(Veeco, NT1100). A comparison of measured and simu-
lated vertical deﬂection values for diﬀerent cantilever
lengths, deposition thicknesses and stabilization types is
shown in Fig. 8 (additional data is presented in [26,27])
and indicates a good correlation, again conﬁrming the
FEM modelling tool as a reliable means of prediction of
stress-induced deformation.
A comparative simulation study on optimization of the
geometries required for stabilization of cantilevers was
undertaken in this work. It was conﬁrmed that stabilization
structures signiﬁcantly reduce (up to 96%) out-of-plane
deformation of the cantilever membrane. The results also
show that the box-type stabilization is the most optimal
among the geometries considered (Fig. 9). Although the
quantitative eﬀects of rim- and box-type corrugation on
reduction of deformation are close, introducing only paral-
lel rims changes the deformation state at cantilever tipFig. 7. Proposed stabilization geometries: 1 hollow rim (L1), bulk Si (Si1), 4
varies from 1 to 4 with height equal 1, 2 or 4 lm.causing lateral bending (cantilever corners curl up signiﬁ-
cantly, see Fig. 10). This eﬀect can be prevented or reduced
by introducing an extra rim at the cantilever tip (Fig. 7,
corrugation B3). Thus, deformation proﬁle evolves corre-
spondingly to corrugation geometry. This implies that inrims (L4), hollow box (B3), grid-1 (G1) and grid-2 (G2). Number of rims
Fig. 10. Cross-section proﬁles of deformed L4 and B3 cantilevers.
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an iterative process whereby a series of ‘‘modelling the
geometry of stabilization structures – simulating the defor-Fig. 11. Deformation isocontours in a cantilever membrane (a) and in aperture
eﬀective corrugation structures should be located.mation’’ cycles may have to be undertaken before a target
reduction of deformation is reached.
A conclusion drawn from the above-results is that the
largest reduction in deformation, and improvement in pat-
tern deﬁnition, are achieved with corrugation rims posi-
tioned perpendicular to the direction of increasing
deformation or ‘‘deformation isocontours’’ (Fig. 11a). This
guideline can be used as a practical design rule for stabiliza-
tion of complex apertured membranes (Fig. 11b), thus for
optimization of the design before implementation and
improving the dimensional control over the deposited pat-
terns/structures.
It is worth mentioning that all above-described methods
for stabilizing the membranes cannot achieve zero distor-
tion as the stabilization structures do not extend to the
edges of the cantilevers. This limitation is imposed by the
design rules currently needed for mask fabrication due to
the requirement of a separation (2–5 lm depending on ad membrane/stencil (b). Bold white lines suggest the direction where most
Fig. 13. SEM image of the cantilever-like membranes in close proximity
to the substrate: unstabilized stencil, increased gap G is evident; stabilized
(corrugated) stencil, no signiﬁcant change in the gap.
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evaporation angle, leaving edges of the membrane to curl to
some extent. Nevertheless, a substantial reduction in defor-
mation of the membranes enables multiple usage of
designed stencils and provides better control over the pat-
tern deﬁnition, which is shown in the following section.
3.4. Predicting stencilled pattern distortion due to membrane
deformation: before and after introduction of corrugation
Stencil deformation leads to an increased gap between
the stencil and the substrate which causes signiﬁcant pat-
tern distortion termed blurring (broadening, edge sloping)
(Fig. 1c). Blurring occurs due to the geometry of the depo-
sition system set up (surface is exposed to the direct mate-
rial beam) and surface diﬀusion. Naturally, both these
factors have more tangible eﬀect on pattern transfer with
smaller deposited structures. From purely geometrical con-
siderations as depicted in Fig. 12, vertical stencil deforma-
tion, d, translates into broadening of the pattern, b,
according to the following formula:
b  GeffectiveS
D
¼ ðGþ dÞS
D
; ð1Þ
G is the gap between the stencil and the substrate, S is
source size, D is the distance from the source to the stencil,
b = B W,W is aperture width corresponding to the ideal
pattern width.
As an example, consider a membrane with apertures
designed to allow for deposition of 5 lm wide lines
(Fig. 13). One can estimate the distortion of the deposited
pattern (blurring in this case) induced by stencil deforma-
tion and the improvement in resolution achieved via mem-
brane corrugation. Fig. 14a presents values of pattern
broadening estimated via formula (1) for unstabilized and
stabilized cantilever membranes. It can be seen that corru-
gation reduces pattern broadening by nearly two orders of
magnitude, reducing it to submicron values. Such a low
degree of blurring forms only a fraction of the intended ideal
size (width) of the pattern and sets the tolerance for patternFig. 12. Schematic of pattern broadening due to geometrical factors (ﬁnite
distance to the source D, non-zero gap G, source size S, aperture width A,
deposited pattern width B).transfer. The eﬀect of corrugation on deposited structure
proﬁles was also modelled using a physical vapour deposi-
tion (PVD) tool – DepoSim – developed in this work [28]
(described in the next section). A signiﬁcant improvement
in edge deﬁnition (reduced blurring) is achieved (Fig. 14b).
In order to assess experimentally the eﬀect of membrane
corrugation on deposited pattern deﬁnition, microfabri-
cated cantilever-like stencils were removed from a substrate
and the surface structures were analyzed by scanning elec-
tron microscopy (SEM). Dynamic Force Microscopy
(DFM) surface proﬁle scans were taken to characterise
the deposition proﬁle and edge acuity. Fig. 15 shows
images of 45-nm thick Cr surface structures deposited
through both an unstabilized stencil membrane (Fig. 15a)
and a corrugated stencil membrane (Fig. 15b). The SEM
image and the DFM images in Fig. 15a show reduced pat-
tern deﬁnition and reduced contrast between the deposited
Cr and the Si substrate on the larger stencil aperture. The
line scan in Fig. 15a shows the pattern edge deﬁnition in
detail. The diﬀerence between the pattern edge deﬁnition
for uncorrugated and corrugated stencils is clearly visible,
indicated by the diﬀerent edge slope (blurring). The SEM
image and the DFM images of the surface structures
Fig. 14. Plot of pattern broadening values for unstabilized and stabilized
cantilever membranes of various lengths (a) (D = 0.45 m, S = 0.05 m,
assumed gap is zero) and comparison of experimental and simulated
proﬁles of deposited structures for unstabilized and stabilized membranes
(b).
Fig. 15. SEM images and dynamic force microscope images (DFM) of
surface structures made by the stencil deposition process: for unstabilized
stencil membranes (a), both SEM and DFM images show pattern blurring
of the deposited Cr surface pattern and for stabilized membrane (b) both
SEM and DFM images show excellent pattern deﬁnition for stabilized
stencils.
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excellent pattern deﬁnition and contrast between the
deposited Cr and Si substrate. The line scan in Fig. 15b
shows the symmetrical pattern edge deﬁnition on both
sides indicating a stable membrane. These results conﬁrm
that the corrugated membranes signiﬁcantly reduce the
out-of-plane deformation resulting in an improved sten-
cilled pattern due to a reduction in the increase in gap dis-
tortion. Good correlation between measured and simulated
pattern proﬁles validates numerical models as suitable for
prediction of stenciled pattern distortion.
4. Modelling clogging phenomenon and predicting stencil
lifetime
4.1. Clogging phenomenon: empirical and theoretical
characterization
The inﬂuence and eﬀect of clogging on the shape of
deposited structures and the re-usability of the masks are
important issues of nanoscale stencil patterning. Nanoscale
apertures are easily clogged as the evaporated material isalso deposited on the sidewalls of the stencil apertures.
This phenomenon reduces the aperture openings during
the deposition process, eventually closing the stencil aper-
tures completely. It also results in sloped edges of the
deposited structures and thus a non-uniform thickness of
deposited layer (Fig. 16). Stencil masks can be cleaned
by wet-chemical etching or dry plasma cleaning of the
unwanted deposited material [29]. Clogging during the
deposition imposes a limit to the amount of material that
can be deposited in a single process step using stencils.
Experiments have been performed to investigate the
degree of clogging of membrane apertures during thin ﬁlm
evaporation. Fig. 16c provides an example of metal depo-
sition and the resultant clogging in microstencils. The
EPFL stencil in Fig. 17 had originally 2.5 lm wide aper-
tures. This width has been reduced to 2.4 lm after deposi-
tion of 110 nm thick Cu layer and to a 1.8 lm width after
775 nm Cu deposition.
Simulations of physical vapour deposition (PVD)
through stencil mask apertures were performed using the
Silvaco process simulation tools Athena/ELITE and Dev-
Edit [30] and the PVD simulation code DepoSim [28].
The ELITE deposition models use the string algorithm lim-
iting the simulations to two dimensions. The process simu-
lator Athena has the ability to model the arrival of vapour
ﬂux from diﬀerent directions. To take into account geomet-
rical parameters of the experimental deposition setup, a
simple computer program DepoSim has been written which
calculates material deposition angles and the dependence of
Fig. 16. Illustration of metal deposition though a mask: ideal case, no
aperture clogging (a), aperture clogging (b), and the SEM image of a
clogged nanoslit (c).
Fig. 17. SEM images of EPFL stencil after depo
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tions are used to characterise the shape of the deposited
structures and the clogging phenomena.
The simulations show that clogging rate depends on the
angle distribution of the incident material ﬂux, the magni-
tude of the surface diﬀusion, and the material sticking
probability. The reduction of the aperture width (clogging)
may be partly caused by the material deposition on the
sidewalls of the aperture. Thus, if an incidental angle of
the material arriving at the stencil mask plane is diﬀerent
from normal, some material will be deposited at the side-
walls. In the case investigated here (low-pressure electron
beam evaporation PVD), the mean free path of the depos-
ited particles exceeds the size of the deposition chamber, so
the particles arrive at angles very close to the normal angle
if the mask is positioned directly under the source. Our
simulations show that the narrow angle distribution of
the ﬂux in this case means that the amount of the material
directly deposited on the aperture sidewalls is very small.
The reduction of aperture width due to direct material
deposition on the sidewalls can be estimated using follow-
ing geometric formula:
DW a ¼ tdepS
2D
ð2Þ
where tdep is the thickness of the material deposited on the
plane which is perpendicular to the line between the source
and the stencil mask. For the experimental system setup
considered here, the ratio S/D = 0.1, so the reduction of
aperture width due to deposition of 1000 nm of material
is only 50 nm (Fig. 18).
In low-energy regime, typical for physical vapour depo-
sition, all metal atoms are adsorbed independently of their
impact angle. Studies of sticking probability dependence on
the impact angle and the kinetic energy of impinging atoms
are reported in [31,32]. The magnitude of the evaporation-
induced kinetic energy, Ekin, is generally related to the
material vapourization temperature, Tv, by the Boltzmann
temperature equation [33,34]:
Ekin ¼ 2
3
kT v ¼ 1
2
mv2; ð3Þ
where m is the particle mass, and v is the particle velocity.
Actual particle (atom) velocities may be somewhat
greater than calculated using Eq. (2). Measurements ofsition of 110 nm Cu (a) and 775 nm Cu (b).
Fig. 18. Reduction of stencil aperture width versus deposited material
thickness.
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Asano et al. [35] shows that the mean velocity of each atom
type exceeds the predicted values. The velocities were 2.1,
1.6, and 1.3 times greater than predicted by Eq. (2) for ura-
nium, titanium, and copper, respectively. However, even
taking into the account these greater velocities, the kinetic
energy of atoms deposited by PVD is of the order of few
tenths of eV. Molecular dynamic studies (e.g. [31]) show
that kinetic energies of impinging atoms are not suﬃcient
for them to leave the strongly attractive adsorption energy
potential well. For example, the adsorption well depth
given by Stumpf et al. [36] for aluminum surfaces is 3.10
eV on Al (111), 3.77 eV on Al(100), and 3.89 eV on
Al(110). Since the kinetic energy of the atoms is much
smaller than the adsorption energy, the probability of the
atom leaving the surface is small. Thus, a unity sticking
probability can be assumed in simulations of metal PVD.
The Silvaco process simulator uses an analytical
approach to calculate surface diﬀusion through a normal-
ized Gaussian distribution:
Ndep ¼ exp  x
2
r2dep
 !
ð4Þ
where x is the point at which material is deposited, rdep is
the diﬀusion parameter. Function Ndep simulates the posi-
tion dependence of the material deposition rate. Surface
diﬀusion is an important factor in the occurrence of clog-
ging. Due to the surface migration, the deposited material
is re-distributed on the aperture sidewalls thus facilitating
clogging. Simulations were performed to assess the inﬂu-
ence of the surface diﬀusion parameter rdep on the eﬀective
width of the stencil aperture. The simulated deposition of a
material of thicknesses in the range from 0 to 1000 nm was
carried out on a microstencil with an aperture width of
2.5 lm (Fig. 18). The surface diﬀusion parameter rdep
was varied from 0.1 lm to 2.0 lm. The simulation results
shown in Fig. 18 indicate that an increase in the diﬀusion
parameter leads to faster aperture width reduction
(clogging).Experimentally observed aperture width reduction is
also shown in Fig. 18 for Cu and Al depositions. The com-
parison between simulated and experimental data suggests
that in order to account for the experimentally observed
clogging the surface diﬀusion parameter rdep should be
set at approximately 0.3 lm and 1.5 lm for the simulation
of Al and Cu deposition, respectively.
Results on the clogging phenomenon can be used to esti-
mate the amount of material, max tdep that can be depos-
ited through a stencil before the mask becomes unusable.
Such value of max tdep deﬁnes the stencil lifetime. Thus,
max tdep ¼ f DW maxW 0 ; rdep; zi
 
; ð5Þ
where DWmax is the maximum allowed pattern narrowing,
W0 is the initial intended pattern width (aperture width), zi
represents other inﬂuential parameters related to stencil
application, pattern density, stencil aspect ratio (deﬁned
as feature height to aperture width). For instance, analyz-
ing Fig. 18 one can conclude that if pattern/aperture nar-
rowing of up to 20% is acceptable, only 500 nm of Cu
can be deposited through the mask.
4.2. Combining eﬀects of mask deformation and clogging on
pattern deﬁnition
The eﬀects of the stencil deformation on the shape of
deposited structures are diﬃcult to simulate using commer-
cially available process simulators such as the one used in
this work (Silvaco Athena), because the evolution of the
mask deformation during the deposition cannot be incor-
porated into simulations. For this purpose, a customised
two-dimensional PVD simulation code DepoSim [28] was
developed in this work. Since the mean free path of evapo-
rated particles (in the case of low-pressure electron beam
evaporation PVD) exceeds geometrical dimensions of the
deposition chamber, the particles can be considered travel-
ling along straight lines from the source to a particular
point of the substrate. This physical phenomenon is simu-
lated using the ray-tracing algorithm incorporated in
DepoSim. The surface diﬀusion is calculated through a
normalized Gaussian distribution (Eq. 4). The DepoSim
tool simulates material transport through conﬁned geome-
tries in a PVD process taking into account the gradually
increasing deformation of the stencil. Fig. 19 illustrates
the proﬁles of a deposited structure and of the stencil mask;
tdepi is the thickness of the ith deposited layer, Si is the sten-
cil proﬁle after deposition of tdepi of Cr (accounting for the
aperture clogging).
Using simulation results on the mask deformation and
the material deposition parameters, it was possible to pre-
dict the shape of structures deposited through a mask
which deforms during the deposition. The code was also
used to model the eﬀect of corrugation on deposited struc-
ture proﬁle (Fig. 14b). The simulation of deposited pattern
blurring due to the mask deformation shows good correla-
tion with the experimental data; compare to Fig. 14b.
Fig. 19. Schematic of simulated stencil proﬁles and deposited structures
(DepoSim). Gap G is not to scale.
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A simulation study on pattern transfer in nanostencil
lithography was carried out to investigate eﬀects of stencil
deformation and aperture clogging on deposited surface
structures. It was shown that stencil deformation, aperture
clogging and consequently pattern distortion can be accu-
rately predicted using conventional modelling tools such
as Coventor and Athena. We have been able to relate sten-
cil initial geometry and deposition parameters with geome-
try of patterned structures which allows assessment of
pattern resolution and process window deﬁnition.
The accuracy of the models depends on the quality of
available material data. It was conﬁrmed that negative
eﬀects of stress-induced deformation of stencils can be
dealt with via optimal design of corrugation structures
which signiﬁcantly reduces the mask deformation (up to
96%) and subsequently translates into improved deposited
stencil patterns. Such stencil stabilization enables multiple
usage of the stencils and much better control over the pat-
tern deﬁnition. Box-type corrugation was found optimal
among the geometries considered. Comparison of deﬂec-
tion values of unstabilized and corrugated cantilever mem-
branes showed a good agreement between simulated and
measured results. It was also found that the largest reduc-
tion in stencil deformation providing superior pattern def-
inition is achieved with corrugation rims located
perpendicular to the direction of increasing deformation
or ‘‘deformation isocontours’’. In reality, the deformation
proﬁle is highly dependent on geometry of structures and
the proﬁle alters with the introduction of each series of cor-
rugation rings. Therefore, the design of stabilization struc-
tures for real stencils is an iterative process. The design
involves iterations of modelling the geometry of stabiliza-
tion structures followed by re-simulating the deformation
proﬁle of the modiﬁed structure until the target reduction
of deformation or pattern resolution is reached. These
‘‘guidelines’’ can be used as practical design rules for fabri-
cation of stable large area (‘‘full scale’’) purpose-designed
stencil membranes.Study on the processes leading to the occurrence of clog-
ging shows the inﬂuence of surface diﬀusion to be the most
important factor. Direct material deposition on the aper-
ture sidewalls does not lead to a signiﬁcant reduction in
the aperture width.
Combined modelling of clogging phenomenon with
gradually evolving stencil deformation, also presented in
the paper, was shown to accurately predict the shape of
surface structures and can be applied for the estimation
of the maximum allowed thickness of deposited layer (fea-
ture height) which ultimately deﬁnes stencil lifetime.Acknowledgement
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